A complete general unknown screening procedure was developed using liquid chromatography-mass spectrometry (LC-MS), a coupling that can increase the range of compounds amenable to MS. Sample preparation was by solid.phase extraction on a mixed-mode support in parallel with serum deproteination in order to recover the most hydrophilic compounds. Chromatography employed a reversed-phase narrow.bore column (150 x l-ram i.d.) and a 50-min gradient elution at low flow-rate (50 pUmin), compatible with the electrospray source used without splitting nor heating. The single quadrupole LC-MS instrument used was operated in the 100 to 1100 u mass range in both the positive and negative modes, with two different, alternated collision-induced dissociation voltages in the source, in order to obtain the molecular or pseudo-molecular ions as well as fragments for the compounds analyzed. The addition of spectra obtained at low and high fragmentation voltages gave reconstructed spectra for each polarity, representing library entries. Finally, a program was created in order to detect the peaks of interest in the chromatographic noise using a very efficient signal processing algorithm, compute their relative retention time with respect to the internal standard (glafenine), draw their reconstructed spectra, search them in the libraries, and edit a report.
Introduction
Apart from the first-line automated immunoassays available for the most common drugs, the general unknown screening (GUS) procedures currently used in clinical and forensic toxicology involve chromatographic techniques, ideally coupled ' Author to whom correspondence should be sent: Prof. Pierre Marquet, Service de Pharmacologie et Toxicolosie, CHU Dupuytren, 87042 Limoges, France.
to specific detectors [i.e., gas chromatography-mass spectrometry (GC-MS) (1) or high-performance liquid chromatography (HPLC) coupled to W-diode-array detection (DAD) (2) ]. Nevertheless, none of these is sufficient on its own to identify all possible toxic compounds. For instance, some polar compounds with no or little UV absorbency will be detected neither by GC-MS nor HPLC-DAD. With MS being more specific and reliable than DAD and GC being limited to volatile and thermally stable compounds, the coupling of MS to HPLC seems to be a possible means of increasing the range of compounds amenable to MS (3) . Electron impact ionization (EI) is the ionization mode generally regarded as the gold standard for the specificity of MS detection. However, atmospheric pressure interfaces of the electrospray or APCI type, that have superseded all the other types of interface/ionization sources for LC-MS, cannot accommodate electron ionization. As recently detailed in a review article (4), a few teams (5-7) developed mass spectral libraries using tandem MS (MS-MS) which, in our opinion, is not really compatible with a GUS procedure because it requires selecting a limited number of ions in the first step, before fragmenting them. A solution to this limitation could be MS--MS with datadependent or information-dependent acquisition (DDA or IDA) that are auto-adaptive MS-MS product-ion scan modes where the mass-to-charge ratios, the intensity of which is above a given threshold, are selected at each unit time. Preliminary studies (8, 9) showed their potential for GUS, but it will probably be necessary to improve the detection of signals of toxicological interest among background noise.
Though electrospray sources yield low fragmentation that would normally preclude the use of single quadrupole instruments for GUS, this can be compensated for by using collisioninduced dissociation (CID). In-source CID consists of accelerating ions in the intermediate pressure region of an electrospray interface, between atmospheric pressure and high vacuum in order to fragment them through collisions with the residual solvent and gas molecules. In-source CID can give the same fragments as those produced by conventional CID in the collision cell of an MS-MS, but not necessarily with the same intensity. However, unlike conventional CID, where a precursor ion is selected before fragmentation, in-source CID first requires a thorough separation of compounds, as the fragmentation efficiency is dependent on the ion density in the transition zone (10) . Single MS techniques with in-source CID have been proposed by several teams (11) (12) (13) (14) (15) (16) , including ours (17) , who demonstrated their repeatability and reproducibility, at least on the same type of instrument. However, recent reports give hints of poor interinstrument reproducibility (18, 19) , which would require the development of mass spectral libraries for each brand (if not each model) of instrument and be a major handicap to the development of this application if no standardization of the crucial parts of the instruments with respect to in-source CID and ion transmission can be agreed upon by the manufacturers. This is one explanation to the absence of any large, commercial in-source CID mass spectral libraries so far.
In a previous work (17), we optimized mass spectral conditions to obtain rich and reproducible mass spectra using LC-electrospray (ES)-MS and in-source CID and to create mass spectral libraries of compounds relevant to human toxicology.
The aim of the present study was to establish a complete GUS procedure based on these premises and including efficient extraction, chromatographic, and data processing steps.
Experimental

Reagents
Organic solvents and reagents were all of HPLC purity. Acetonitrile and methanol were purchased from Carlo Erba (Milan, Italy), and formic acid, ammonium formate, and glafenine (internal standard) were from Sigma (St. Louis, MO). Deionized water was prepared on a MilliQ laboratory plant (Millipore, Bedford, MA).
Apparatus
The chromatographic system consisted of a series 200 LC micro-flow-rate, high-pressure gradient pumping system, and a series 200 autosampler (Perkin-Elmer Instruments, Los Ulis, France) including a Rheodyne model 7725 injection valve equipped with a 5-1JL internal loop (Rheodyne, Cotati, CA). The MS was an API 100 single quadrupole instrument (Applied Biosystem -Sciex, Concord, ON, Canada) equipped with a pneumatically assisted electrospray (Ionspray | ionization source.
Chromatographic and mass spectral conditions
The chromatographic separation was performed on a Nucleosil C18, 5 l~m (150 x l-ram i. All chromatographic solvents were filtered (0.46 IJm) prior to mixing and degassed with helium. Ionization was performed in the positive and negative ion modes with the instrument scanning between m/z 100 and m/z 1100, with a 0.2 step-size.
The main ionization and fragmentation conditions were as follows: in the positive mode, ionization voltage +5500 V and orifice (fragmentation) voltages +20 and then +80 V (in order to obtain both the protonated molecule and fragment ions for the majority of the compounds tested); in the negative mode, ionization voltage -4500 V and orifice voltage -20 and then --80 V. These four experiments were alternated with every scan for a total turnover time of 5.8 s. The resulting recordings were automatically separated into four different chromatograms with respect to polarity and orifice voltage value. "Reconstructed" positive and negative spectra were obtained by adding spectra at +20 and +80V on one hand and spectra at-20 and --80V on the other.
The distance between the ionization needle and the MS entrance orifice was finely tuned between about 5.8 and 6.2 mm in order to obtain a standard fragmentation pattern for glafenine (test compound).
Mass spectral library building conditions:
Two mass spectral libraries were created, one for each ionizsation mode, by injecting in the chromatographic system a large number of mixtures of 10 different compounds plus the internal standard (I.S., glafenine) at 10 mg/L in the mobile phase. Each entry of the library was a reconstructed mass spectrum that was obtained by adding spectra obtained at weak (20 V) and high (80 V) fragmentation voltage. In addition, the relative retention time (RRT) of each compound with respect to the I.S. was recorded.
Sample preparation and extraction procedure.
Three different extraction procedures were tested, one on a diatomaceous phase (Extrelut | NT1 extraction cartridges) (Merck, Darmstadt, Germany) whose principle is close to that of liquid-liquid extraction of lipophilic substances and two real SPE procedures: the first one on a polymeric phase (Oasis HLB | and the second on a mixed-mode, polymeric, and cationexchange retention support (Oasis MCX | Waters, Saint Quentin en Yvelines, France).
The procedure using the diatomaceous support required two Extrelut cartridges for the analysis of each serum sample: one for the acidic compounds, requiring 1 mL serum acidified with 1 mL 0.1N hydrochloride, and one for the basic molecules from 1 mL serum alkalinized with 1 mL pH 9.5 ammonium chloride. After each sample was deposited on the proper cartridge, the compounds of interest were eluted with 5 mL dichloromethane, the two organic phases were mixed, evaporated to dryness, and the dry residue was reconstituted in 50 IlL methanol.
The SPE procedure on the Oasis HLB phase required only one cartridge per serum sample, and we followed the manufacturer's recommendation: the support was conditioned with 1 mL methanol and 1 mL water, 1 mL serum spiked with 25 IJL IS solution (100 IJg/L) was deposited, washed with 1 mL deionized water and dried, then the compounds of interest were eluted with 1 mL pure methanol, and the extract was evaporated to dryness. In addition, 100 IJL of the same serum sample was deproteinated in parallel by adding 100 IJL acetonitrile; the mixture was vortex mixed, centrifuged at 9000 x g, and 100 IJL of the supematant was used to dissolve the dry extract of the SPE procedure.
The procedure using the Oasis MCX phase was very similar to the previous one, except that column rinsing was performed using 1 mL of 0.1M hydrochloride and elution involved two steps, one with 1 mL methanol and one with 1 mL of a methanol/NH4OH mixture (95:5, v/v). The two extracts were mixed, evaporated to dryness, and dissolved in 100 IJL of deproteinated serum.
In order to compare these three extraction procedures, blank serum samples were spiked with known concentration of a selection of acidic, neutral, and basic compounds (Table I) .
Data processing
The MS data were transmitted to a Power Macintosh | computer equipped with acquisition (Mac DAD 1.2, LC2 Tune 1.2, Sample Control 1.2) and data processing software (Turbochrom and MultiView | 1.4) from Applied-Biosystem-Sciex (Foster City, CA).
In order to standardize and simplify the interpretation of the results, we developed, in collaboration with Applied Biosysterns and Sciex, a computer program for:
9 Automatic processing of the chromatograms, including background noise subtraction, peak finding and integration, as well as an algorithm for enhancing the signal-to-noise ratio (the socalled << enhance >> function, included in MultiView software).
9 Automatic reconstruction of positive and negative spectra and comparison with the spectra recorded in the positive and negative libraries, respectively (<< library searching >>).
9 Report editing.
Results and Discussion
Two raw (non-enhanced) chromatograms in the positive ionization mode, obtained from the same spiked serum sample extracted using the OASIS HLB and MCX cartridges, are presented in Figure 1 , together with the retention times and names of the compounds identified in the positive spectra library. They show quite high background noise, above all at the end of the chromatographic gradient, and noticeable differences between the two extracts.
Sample preparation
Sample preparation is a key step in a screening procedure because even the most sophisticated analytical system cannot detect a compound if it is not injected into the system. The ideal extraction procedure will isolate the compounds of interest while eliminating the non-significant or interfering molecules. Classically, extraction of xenobiotics from biological samples involves liquid-liquid or SPE. The problems of the former (use of large volumes, time-consuming manipulation, risk of emulsion) led to the development of new extraction procedures such as SPE, which is now largely employed in toxicological screening methods (20) .
The results of the comparison between Extrelut, Oasis HLB, and Oasis MCX extraction cartridges using blank serum spiked at 10 mg/L with mixtures of test compounds are summarized in Table I . It is worth noting that 10 mg/L is a rather high concentration for most neutral or basic drugs, but is in the range of therapeutic levels for acidic drugs. In addition, this concentration was chosen because among the test compounds selected were those with which difficulties during preliminary experiments were encountered. Using the described automated procedure for peak finding and library searching, all the compounds detected with the Extrelut columns could also be detected with the other two. Forty-three compounds out of 61 were successfully extracted and detected using the Extrelut, whereas the Oasis HLB and Oasis MCX were successful in the extraction and detection of 47 and 53 compounds, respectively. Overall, both types of Oasis columns resulted in higher background noise, but the best extraction recovery was obtained with Oasis MCX, as far as it can be assumed from peak height because absolute recovery was not measured. Figure 1 presents the chromatograms of two aliquots of a serum sample spiked with ethylmorphine, propranolol, chlorpromazine, maprotiline, diazepam, carbamazepine, and I.S., one extracted with Oasis HLB and the other with Oasis MCX. It clearly shows higher signal-to-noise ratio with the latter, which we eventually chose for the present procedure. Indeed, the Oasis MCX extraction cartridges involve both reversed-phase retention, by using the same polymeric support as the HLB type, and strong cation-exchange properties. Using these two complementary retention modes can increase the effective range of compounds extracted.
Moreover, it was found that the drying step was less critical with both these phases than with classical C18 cartridges, reinforcing the robustness of this technique. Similar mixedmode extraction cartridges were previously used in other GUS procedures (21, 22) . In these procedures, the acidic-neutral and the basic fractions are generally analyzed separately because the former contains many endogenous chemical interferences, but the therapeutic drug levels are high, whereas the latter is cleaner, but the therapeutic window of basic drugs is generally low. However, in the present study, in the three compared extraction procedures we chose to mix both fractions before injection in the LC-MS system in order to save time. Indeed, 1 h for a single sample seemed to be the maximum acceptable analytical time. In the same way, the dissolution of the dry extract resulting from the SPE procedure with deproteinated serum was intended to increase the recovery of hydrophilic molecules, which are generally poorly retained on solid-phase extraction cartridges. Though deproteination results in a 1/2 dilution of these compounds, their toxic levels are supposed to be much higher than those of lipid soluble drugs and this is expected not to be a limitation. However, the potential improvements in terms of detection efficiency brought by this additional step deserve further studies.
Chromatographic data processing: the, enhance 9 function Figure 2 presents two zoomed views of the total ion chromatogram of the extract of a commercial internal quality conJournal of Analytical Toxicology, Vol. 27, January/February 2003 trol sample (TDM control, level 3, Biorad, Marnes-la-Coquette, France). It illustrates the efficiency of signal processing by the "enhance" function, both to improve the signal-to-noise ratio (by enhancing the peaks of interest and lowering background noise) and to resolve partly overlapping chromatographic peaks, such as those of carbamazepine and phenytoin, thus allowing proper identification of these two compounds.
Chromatographic signal processing is an important feature of the present method because background noise in the total ion scan mode is quite high with electrospray sources and can mask small peaks. Noise is mainly due to ionization of certain mobile phase components (ammonium formate, other salts, acetonitrile, phtalates, etc.) and endogenous compounds and contaminates the mass spectra of low-level analytes, potentially impeding their identification. Moreover, even with a slow elution gradient and long chromatographic time (50 rain), it is unavoidable that many compounds contained in large libraries would be at least partly co-eluted if injected together.
Different signal processing procedures can be employed to improve the detection and identification of chromatographic peaks. Simple background subtraction is not efficient enough (23) , above all when gradient elution is used because the background noise varies with the mobile phase composition. 
"Abbreviations: D, detected and ND, not detected,
Smoothing techniques help eliminate local variations brought by the chemical noise, improve the general aspect of the chromatogram but do not allow the detection of significant ions drowned in the noise (23) . For this, "contour mapping" or "eagle's view" can be used, consisting in a three-dimensional representation of time, mass-to-charge ratio, and intensity where intensity is represented by a color scale. In this mode, chromatographic peaks can be distinguished from background noise because they appear as colored bands. However, this technique is most efficient for high mass-to-charge ratio values (> 400 u) (23) where chemical noise is low when using ES sources, whereas most therapeutic drugs and toxic compounds have lower base peaks or fragments. Moreover, these techniques do not always allow to differentiate chromatographic peaks from spikes, nor to automatically find and tabulate these peaks. The signal processing algorithm used for this study, the socalled << enhance function >>, improves signal-to-noise ratio and the detection of low intensity chromatographic peaks, even those not readily detectable on the rough chromatogram. This function is included in MultiView software provided with the instrument used and could be called by the automatic data processing and reporting program developed for this study. This enhance function uses spectral data to individualize the chromatographic peaks, based on the random distribution of intensity for noise contrary to signal, and eliminates noise contribution. It also detects and eliminates spikes and then draws a new chromatogram reconstructed from the enhanced spectra. The formula used is not given by the manufacturer, as it is part of licensed software, but it is probably close to the procedure developed by Visentini et al. (23) , called "TicFilt'. However, these authors did not either give the formula of their algorithm in their paper. As exemplified in Figure 3 , presenting the raw and enhanced spectra of amisuipride, in the enhanced spectrum, non-significant ions have disappeared: only rn/z 242 and 370 were considered significant, whereas m/z 149, present in the background noise all over the chromatogram, was suppressed. However, the low intensity m/z 196 and 214 were also suppressed, though they do belong to amisulpride spectrum. As a general rule, enhanced spectra were found to be poorer than raw spectra because of such frequent low-intensity ion suppression, a reason why we decided to use simple backgroundsubtracted spectra for library searching and to limit the use of the "enhance" function to the detection of chromatographic peaks in the chromatogram. The parameter values chosen for the "enhance" function have a dramatic influence on the results and were carefully optimized during this study, using a trialand-error procedure based on a few representative chromatograms from spiked serum samples. The values selected are presented in Table II .
Automatic library searching
Mass spectra were recorded in both polarities and two distinct libraries were created because some compounds were detected in the negative mode only, such as acidic molecules which are not readily amenable to GC-MS without derivatization. Moreover, the compounds detected in both polarities could then be identified most reliably.
For each chromatographic peak detected, the program developed compares the positive and negative reconstructed spectra to those in the corresponding libraries. This searching procedure returns the five best hits for each unknown spectrum. The similarity between unknown and library spectra is characterized by two parameters:
9 The "fit", corresponding to a direct comparison, is indicative of the presence and relative intensity of the ions of the unknown spectrum in the library spectra; it gives the best concordance between reference and unknown spectra. 9 The "reverse fit" corresponds to an inverse research in which the mass-to-charge ratios and relative intensity of the library spectrum ions are compared with those of the unknown spectrum (24) .
This parameter ignores the mass-to-charge ratios present in the unknown spectrum and absent from the reference spectrum.
These two parameters range between 0 and 100% and in this study the minimum similarity threshold was set at 60%, with a priority of the reverse fit over the fit because the former gave better results when spiked samples were analyzed. On the other hand, the library searching procedure used makes it possible to attribute a variable weight to the ion intensity ratios through the "Intensity Factor" (IF) that varies from 0 to 10. Here, the best results were obtained for IF = 8.
Finally, compound identification took in account the relative chromatographic retention time (RRT) of the unknown compound, that had to be within + 20% of the reference RRT recorded in the library. This quite large time-window was chosen because our mass spectral libraries were developed over a period of 2-3 years, time during which we used different batches of the same type of chromatographic columns, which can lead to slight variations in RT and RRT. Moreover, as the advantage of RRT was mainly to shorten the list of possible library hits for each unknown spectrum, experience showed that • 20% resulted in both strong enough selection and systematic inclusion of the correct hit.
The flow chart of the complete automatic data processing and reporting program is presented in Figure 4 . It automatically performs the following steps:
9 The background noise mass spectrum is subtracted from all the mass spectra of the total ion current (TIC) chromatogram. This background noise is the average mass spectrum corresponding to a time period defined by the user, generally at the end of the chromatogram where contribution of the chromatographic gradient to the chemical noise is most important and where no compounds of interest are eluted. A new file containing the noise-subtracted TIC chromatogram is created.
9 The latter is parted into four chromatograms corresponding to the following four experiments: positive ionization and OR +20V, positive ionization and OR +80V, negative ionization and OR -80V, and negative ionization and OR -20V. Then the two chromatograms corresponding to the positive mode are added together, as are the two chromatograms in the negative mode. It results in a pair of reconstructed chromatograms, one for each polarity.
9 Each of these chromatograms is processed using the "enhance" function of MultiView 1.4, eliciting the detection and integration of the chromatographic peaks following user-defined parameter values stored in a "Preferences" file and automatically uploaded by the program.
9 The internal standard peak is located on the positive chromatogram after an approximative retention time and the value of its most abundant ion were defined by the user.
9 For each peak detected on the positive or negative enhanced chromatograms, a reconstructed spectrum is gener- found found found ated which can itself be enhanced or not, following the option set in the beginning of the program script by the operator. Then the spectra are automatically compared to those in the corresponding library (positive or negative, enhanced or not). 9 The five best search results for each peak are reported with their name, molecular weight and relative retention time, together with the fit and reverse fit of their comparison with the unknown. When the similarity between the unknown and a given reference spectra is satisfactory (<< Reverse Fit ~ > 60%) and the relative retention times are within + 20%, the word "found" is added on the report in front of the reference compound name.
9 Finally, the report is recorded in Excel | format and printed along with the processed positive and negative chromatograms (Table III) .
Conclusions
Several teams previously published LC-MS techniques for the general unknown screening of drugs and toxic compounds for clinical and/or forensic toxicology and showed the potential of such a coupling in terms of specificity (11) (12) (13) (14) (15) (16) (17) . However, the present study is the first one to develop a comprehensive procedure to be used routinely, where sample preparation, chromatographic separation, mass spectral conditions, and automatic data processing have been optimized in order to address as large as possible a panel of compounds of interest, mainly those not amenable to GC-MS.
The further step will be to evaluate the efficiency of this technique by analyzing a larger number of authentic serum samples and comparing the results with those of more classical screening techniques such as GC-MS and HPLC-DAD.
